Manufacturers are increasingly being held responsible for the fate of their products during the end-of-life phase. In this research, a product's end-of-life environmental impact is calculated as a function of cost and recyclability. Cost is associated with the time and effort of removing specific components. Recyclability is governed both by material type and how components of different materials are connected. This paper presents a graph grammar based algorithm which will analyze any product given information concerning individual components and how they are connected within the overall assembly. The result of this analysis is a set of Pareto optimal candidates representing various stages in the disassembly process and evaluated using associated costs and recyclability. This Pareto set can be used to judge a product's end-of-life suitability against the manufacturer's or industry standards, or against the suitability of a similar product.
INTRODUCTION
The consumer product market is continually evolving. Traditionally, we have used and discarded products with little regard for the consequences of our actions. Recently however, there have been signs that these practices are changing. On one hand, closer attention has been paid to the consumption of raw materials. Many resources are in increasingly scant supply and close attention must be paid to ensure that the limited reserves which are still available are not used to the point of exhaustion. On the other hand, disposal practices are also being investigated. Disposal falls into what is called the "end-of-life" phase of a product. In recent years producers have begun to pay more attention to the fate of their products once they reach their end-of-life. In fact, recent legislation, called Extended Producer Responsibility (EPR) initiatives, has begun to ensure this change. The United States currently lags behind other economically developed countries in formally regulating producer responsibility. The European Union and Japan have already enacted government legislation which forces producers to meet certain environmentally-conscious standards with their products. EPR mandates that certain requirements are met before a specific product is allowed to reach the market. The United States has begun to look in this same direction however EPR legislation currently exists only at the state level. As of 2003, ten states have passed EPR initiatives into law and there are no signs that federal legislation will be enacted in the near future [Gutowski] . This becomes particularly relevant after realizing how much waste the United States produces and the degree to which waste processing is becoming a sizeable industry. For example, in 2006 exports of waste from the United States to China were valued at $6.7 billion [Gross] . In addition to the legislative aspects, producers also cater to increasingly selective customers. Many consumers in the United States now make selections depending on the "environmental friendliness" of a particular option. For these reasons, environmental considerations are becoming increasingly important for producers. This research proposes a tool which can be used to evaluate the environmental impact of any given product. Such a tool would be useful for both producers and consumers and also those responsible for enforcing and verifying any environmental standards.
DEFINING ENVIRONMENTAL IMPACT
Before evaluating a product's performance, environmental impact must be defined. The environmental impact would be of interest at the end-of-life phase of a product when disassembly is to take place. The goal of the disassembly process may be to completely separate components from each other, so that they can be recycled, or it may be acceptable to stop somewhere before reaching this point. This process occurs in a series of steps which begin with an entire product and progressively separate a product into individual components. Each step in the process can be evaluated based on cost and recyclability. Cost is considered to be a function of the time taken to disassemble a product and also the value of the materials contained within the assembly. Recyclability will be defined as the amount of material which has been separated and is ready for recycling and will be referred to as recovered weight. It is these parameters which will be used to define the environmental impact of a product, not only at its completely disassembled state but at various stages in the disassembly process. For any given product there may be many different orders in which it may be taken apart. Depending on the order, the disassembly time may vary. It would be advantageous to know which order minimizes the disassembly time and simultaneously maximizes the recovered weight prior to committing to a particular disassembly sequence. This research culminates in a computer-based tool which can both automate the disassembly process in terms of an accurate simulation and simultaneously present results which give the environmental impact of the product based on the simulation.
AUTOMATED DISASSEMBLY
The first step in evaluating a product is to run a simulation of the disassembly process based on a suitable graphical representation of the assembly. This project was initiated by the Automated Design Lab at the University of Texas at Austin which had previously developed a software tool called GraphSynth for use in automated design projects. This tool provides a convenient means for both representing product assemblies and analyzing their disassembly. Automated disassembly is not a new field of mechanical design. Many different methods have been created to both represent product assemblies and evaluate their disassembly. In GraphSynth the user is allowed to build a graphical representation of any product. In the approach used here, nodes represent product components while arcs, which connect nodes to each other, represent the type of connection between the two components that they connect. Figure 1 above shows the full representation of an example product, a leaf blower manufactured by Toro. The magnified inlay in the figure shows examples of the terminology used to describe component connections. After defining methods of component connectivity, it is necessary to define the methods which are used to disassemble a product. A series of "grammar rules" have been created along with the various conditions necessary for their recognition and their application. Each one of these grammar rules represents an actual method of separating two components, such as removing a bolt. Additional information may be supplied by the user and is stored as variables within GraphSynth. These variables supply additional information which increases the accuracy of the model. For example, two simple variables would be enough to tell GraphSynth that a particular bolt has a slotted head, is being removed by hand and has a thread length of half an inch [Boothryod] .
With the defined rules and the complete assembly of a product, a disassembly process simulation can be run. As stated before, there are different orders in which individual operations within this process can be performed. Using a script written to guide the process, a tree is formed containing all of the options in the disassembly sequence. To lower the computational time, a depth first search is used to search the entire tree for optimal points in the process.
EVALUATION & EXAMPLE RESULTS
In existing work within the field of automated design, the tree of disassembly operations is often called a disassembly tree. The tree most often terminates at nodes in which the product is completely disassembled. Since the approach taken here allows for the inclusion of component material data, information which often is not considered, these terminal nodes do not necessarily contain the fully disassembled product. In realistic disassembly processes, if the goal of disassembly is to organize components for recycling, it does not make sense to separate a group of components if they are composed of the same material. This homogeneous group would likely remain assembled and be recycled as a whole. In this research the tree terminates once the assembly is reduced to a number of materially homogeneous groups, once again emphasizing the importance of disassembly order. Each node in the tree is evaluated in terms of the two primary parameters: disassembly time and recovered weight. The grammar rule responsible for the creation of each node in the tree is evaluated based on the component connection which is removed and the variables which have been input by the user. The method of evaluation is a significant strength of this method over similar, previous research. Many methods of representing disassembly trees such as de Mello and Sanderson's AND/OR hypergraph exhibit a common weakness in their evaluation [De Mello] . Since these methods concentrate on general representation of the tree and not on representation of the assembly, their results include computational time rather than the more realistic and more useful property of disassembly time. The assembly representation in this method captures information about how components fit together, rather than simply how they are positioned relative to one another. Other methods concentrate on this latter group of characteristics and therefore their resultant evaluations take neither disassembly time nor disassembly cost into account. Since every node in the disassembly tree is evaluated, there is a large set of useful data derived as a result.
At present the simulation is capable of providing a Pareto set of candidates for a particular product. This Pareto set presents the completed product, the completely disassembled product as well as various points in between. A comparison of the Pareto sets for two similar leaf blowers, the Toro Power Sweep #51586 and Troy-Bilt TB190BV, is shown in Figure 2 . This graphical comparison allows a direct comparison of the environmental impact of similar products. 
CONCLUSIONS & FUTURE WORK
In addition to the Pareto sets shown in Figure 2 the simulation also outputs the disassembly sequences for each of the points indicated. Direct comparisons can be made between similar products which would suggest that that the Toro model is more fit for recycling than the Troy-Bilt model. Of course, a completely realistic comparison would also have to take product performance into account as well as the market prices of the respective models. Future work will include adding other economic data to the model. The value of recovered material will also be considered by using data for the monetary values of certain materials per unit weight. Labor costs may also be taken into account and combined with the results for disassembly time. Increased accuracy in disassembly time will also be added with the inclusion of tool acquisition time. Another goal is to decrease the computational time of the tree search and evaluation process. The evaluation of nodes in the disassembly tree is a very quick process at the moment therefore work in this area will focus on decreasing the branching factor of the disassembly tree by grouping identical operations -such as removing multiple, identical screws -into one.
